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Abstract
Pure Cu of 99.99 wt.% purity has been processed at room temperature by equal channel angular extrusion (ECAE), the
evolution on the microstructural was characterized by the use of, transmission electron microscopy (TEM) and X-ray diffraction
.Starting with a grain size of 110μm, severe plastic deformation has been introduced to the material while maintaining the sample
dimensions unchanged through the processes of ECAE. Besides the temperature effect on the microstructural and microhardness
evolution are studied. With increasing annealing temperature, the microstructure becomes more homogeneous while the
microhardness decrease dramatically.
© 2009 Elsevier B.V.
PACS: Type pacs here, separated by semicolons ;
Keywords: Equal Channel Angular Extrusion (ECAE), Copper, X-ray diffraction, TEM, annealing.
1. Introduction
Nanocrystalline and submicrocrystalline materials stimulated recently considerable interest among researchers
[1]. These materials are characterized by a very fine grain size and a large amount of grain boundary area. The
presence of a large amount of grain boundary area results in unusual and extraordinary changes in both mechanical
and physical properties.
Recent investigations have shown that sever plastic deformation (SPD) is an effective method for forming
submicron-grained material [2-4]. One of the most common SPD methods is Equal channel angular extrusion
(ECAE), invented by Segal and his Co-Workers in 1970's and1980's at an institute in Minsk in the former Soviet
Union [5]. The technique has an important benefit; in fact, very high plastic strains can be attained in relatively
thick-sectioned products. This significant advantage has resulted in ECAE, is emerging as an important metal
processing method for obtaining extremely fine grain structures in alloys in bulk forms.
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One of the aims of grain refinement is to enhance plasticity; the main difficulty is to preserve a small grain size at
the forming temperature which is close to. In this range of temperature, diffusive transformations are to be
considered such as recrystallization. It is then necessary to dragging recrystallization and grain growth; this can be
achieved by introducing second phases like precipitates. However, this leads to an increase of the flow stress and a
decrease of ductility of the material and therefore a limitation of the amount of deformation which can be
introduced. The use of low purity metals may be an interesting way since they are relatively easy to work and may
retain a suitable grain size at sufficiently high temperatures due to the presence of impurities.
Recently, there are a number of reports dealing with the microstructure of aluminum and aluminum alloys
processed by ECAE [6-10], in which submicron sized grains with sharp boundaries were formed. In addition to
aluminum and aluminum alloys , copper is another typical FCC metal for model studies, which has relatively lower
stacking fault energy (SEF) such that dislocation cross- slip is expected more difficult in it. However, the reports on
the microstructure of copper deformed by ECAE are relatively scarce [11]. In the present work, the effect of this
sever plastic deformation and the annealing on the microstructure formed in copper by ECAE was studied.
2. Experimental procedure
2.1. Samples and severe plastic deformation procedures
The starting material for the experiments was OFHC copper (99.99% purity) annealed for 24 h at 600C under a
low pressure of purified argon to ensure homogeneous structure before pressing and quenched in iced water.
Processed samples were with a dimension of 10×10×70 mm3. The procedure of ECAP consists in forcing a
specimen to pass through two channels of equal cross-section interesting at an angle. After passing through the
channels, the sample, while retaining its original geometry, has undergone a shear deformation which under typical
conditions (Φ= 90°, i.e. perpendicular channels. The ECAE-die was shown in Fig. 1. Three orthogonal planes X, Y
and Z with the associated directions were defined. In this work, only tow pressings of the sample without rotation
between two successive passes (route A) are effected. The ECAE was carried out at room temperature with MoS2 as
lubricant.
Fig. 1. Schematic illustration of the equal-channel angular extrusion (ECAE) technique
2.2. Structural and morphological characterizations
X-ray diffraction was performed on a wide angle diffractometer in the θ-2θ step scan mode by using Cu-K
radiation. Scans were collected over a 2θ range of 30-120° with a step of 0.02°. A 10s acquisition time was used at
each step to obtain good statistics. The crystallite size and the equivalent lattice strain were determined using the
Halder - wagner approach [12]. The shape of peaks was approximated by the Kα1 + Kα2 superposition of Voigt
functions by using a WinPLOTOR software. The lattice parameter of the sample before and after ECA pressing was
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obtained from a linear regression analysis of the measured lattice parameter, obtained from each peak, plotted
against the Nilson-Reley function [13]. The error bars were obtained by calculation of the standard deviation on the
values of the lattice parameters calculated from each peak. We have concluded that the resulting error of the lattice
parameter value does not exceed 0.025%.
To evaluate morphological evolution of samples after ECAE and after annealing, cross-sections of some of the
samples used in the present investigation were studied by using the Transmission Electron Microscopy (TEM) JEOL
2000 EX at acceleration voltage of 200KV.
The Vickers hardness (Hv) was measured on samples using shimadzu HVM-2000 hardness, at a load of 500g for
15 seconds. The undeformed and deformed samples were also studied by differential scanning calorimetry (DSC) at
heating rate 10°C/minute in the temperature range from 20 to 400°C. A second heating run was performed on each
sample without removing it from the calorimeter. These second runs were used as baselines to estimate the enthalpy
output of the transformations from the integrated area of the peak.
3. Experimental results
3.1. Microstructure after ECAP
Fig. 2a shows typical X-ray diffraction patterns taken on the X-plane of the samples before and after ECAE. It
contains the (111), (200), (220), (311) and (222) reflections of the Cu phase. A slight {111}-texture exists in the
different samples according to the relative maximum intensity of each Bragg reflection peak. Moreover, it can be
seen, line broadening increases with ECAP. This broadening is related to the changes of microstructure, i.e., the
reduction of crystallite size and lattice strain introduced by using a process of plastic deformation by ECAE. Fig. 2b
shows typical X-ray (200)-peak broadening before and after ECAP; the progressive broadening of the (200)-peak
with ECAP is clearly observed.
The lattice strain and the crystallites sizes calculated using the Halder – Wagner method [12], were in the range
of 0.28 % for the lattice strain, whereas The crystallite size achieved for N= 1 was 260nm and for N= 2 the
crystallite sizes was in the range of 220nm.
The grain refinement, after ECAP, is clearly achieved with high level of strain. This behaviour should be related
to an important plastic deformation occurs during pressing in the die which increases the lattice strain because of the
increase of the defect density, i.e. dislocations, grain boundaries, lattice defects with their characteristic strain fields.
On the other hand, the presence of impurities (0.01wt %) leads to an increase of the antiphase boundary energy
through an increase of other parameter.
Fig. 2. XRD patterns of the material before and after ECAE scanned on the X-plane
(a). The (2 0 0) peak recorded in the X-plane before and after ECAE (b).
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From a direct examination of diffraction patterns before and after ECAE, we note, in the deformed samples, that
peaks are slightly shifted to high values of . It is not easy to draw a clear conclusion about this effect since many
features should operate simultaneously: the creation of stacking faults by severe plastic deformation is probably one
of the reasons of this shift. Another feature is the decrease of lattice parameter: this later should arise from a
compression of the lattice due to an ultrafine-grains structure obtained mainly for the deformed samples and/or from
a segregation of impurities from the bulk.
We have calculated the values of the lattice parameter before and after ECAE by using the Nilson-Reley
function. The obtained values are also presented in Table 1. We note that the lattice parameter decreases after
pressing.
Table.1.Values of lattice parameter before and after ECAP
0 pass 1 pass 2 pass 1pass/150°C 1pass/200°C
Peak FWHM a (Å) FWHM a (Å) FWHM a (Å) FWHM a (Å) FWHM a (Å)
(111) 0,317 0,458 0,404 0,452 0,43
(200) 0,303 3,6368 0,633 3,6275 0,446 3,6288 0,572 3,6293 0,511 3,6352
(220) 0,471 0,492 0,472 0,553 0,478
(311) 0,597 0,584 0,56 0,525 0,559
(222) 0,443 0,519 0,524 0,494 0,482
Fig.3a and 3b represents the typical bright-field TEM images showing the microstructures of the investigated
samples observed in the X planes after the single pass through the die. Some areas with banded type structure were
clearly observed (fig. 3a). These bands appear fragmented into smaller grains with the width of 200 nm (Fig. 3b).
The boundaries between the bands appear straight and well defined; the dislocation density inside the bands is rather
high. The figure 3(c) shows the corresponding electron diffraction patterns (SADP) these later are still resolved even
through they are elongated this indicated a low misorientations between the newly created grains. Some twins can be
also found from SADP. Although the grain sizes estimated from TEM analysis (200 nm) differ slightly from those
calculated from the XRD analysis (260 nm), which may originate from the different evaluation principles, a
consistent result obtained is that obvious elongate grains fragmentation occurs during ECAP of Cu-samples. The
investigated microstructure should be formed during sever plastic deformation, since no subsequent heating was
carried out. Its characteristic features are the existence of high internal stresses which is confirmed by the bending
extinction contours observed inside the grain boundary and the presence of extrinsic grain boundary defects.
Fig. 3. Microstructure of copper prepared by ECAE: (a) and (b) TEM micrographs of the microstructure in two magnifications, (c) selected
area diffraction patterns.
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Fig.4 presents typical images showing the very high dislocation density within the grains. Fig. 4a shows rather
thick regions of the foil sample where many fringes are observed, leading to the description of the deformed state as
one that has non-equilibrium boundaries, with indeterminate, fuzzy contrast [14]. In other area of the same sample
some arrangement of the dislocations into cell and sub-grain boundaries are also observed Fig. 4b.
Figure. 4. TEM images showing fuzzy boundary fringe patterns
(a) and dislocation rearrangement as cell and sub grain boundaries (b).
4. Thermal properties
4.1. Calorimetric measurements
The thermal behaviours of samples before and after ECAP have been investigated by DSC measurements. The
results are shown in Fig. 5. The DSC traces contain a broad exothermic peak occurring over quite a temperature
interval, ranging from 300 to 350°C approximatily, with peaks at 338.37, 335.63 and 335.05°C for the undeformed
and deformed samples (N=1 and N= 2),respectively. A second heating run proved the irreversibility of all the
observed transformations. The estimated enthalpies are ΔH= 0.45, 0.561 and 1.298J/g for undeformed and deformed
samples (N=1 and N= 2), respectively. This peak corresponds to the energy strain release and microstructure
recrystallization. The maximum of the exothermic peak in the DSC curve was slightly shifted to lower temperature
Fig.5. On the basis of the results obtained, we can say that the thermal behaviour of deformed samples was highly
influenced by ECAP.
Fig. 5. DSC scans for undeformed and deformed copper specimens.
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4.2. Microstructure after annealing
Figure 6 shows the XRD patterns recorded on the X-plane of the samples after treatments at the two temperatures
plus the pattern of the starting material pressed for one pass. The annealing temperatures were selected on the basis
of the DSC scans.
Fig. 6. XRD patterns of the material after ECA pressings (N= 1) scanned on the X-plane at different temperatures
Figure 7represents typical X-ray (200)-peak broadening before and after annealing. The broadening observed in
the as-deformed sample was removed by a subsequent annealing; that means that a significant improvement of the
microstructure was obtained, i.e. a lattice distortions diminish and grains size increase. However, the Kα1 and Kα2
doublet was well resolved, which indicates that the recrystallization was achieved around 300°C. In addition, when
the temperature increased, all fundamental peaks are shifted to lower values of . From the calculated values of the
lattice parameter (Table 1), one can seen a significant increase of this parameter with subsequent annealing. This
fact could be related to grain growth.
Fig. 7. The (2 0 0) peak of the ECA pressed (N = 1) material scanned in the X-plane at different temperatures.
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Fig. 8 shows the typical bright-field TEM images of the investigated samples pressed with one pass then
annealed during 1 hour at temperature from 100°C to 300°C.
At the lowest temperature of 100°C (Fig .8.a), we don't note any change in the microstructure. Starting from
150°C (Fig .8.b), there is only a minor increase in the mean grain size and many of the grain boundaries are poorly
delineated, this explain the small increase in the microhardness observed between 100°C and 150°C (Fig.9). These
boundaries have a non equilibrium character, representing a high–energy configuration in which the boundaries
contain many facets. However, there are regions adjacent to some of the boundaries where there are not lattice
fringes. At the higher temperature of 200°C, (Fig.8.c) the microstructure shows areas of well defined grains; there is
an increase in the average grain size. Dark contrast is often observed ascribed to the presence of dislocations in
many grains.
Fig. 8. Microstructure of the extruded material after static annealing for 1h at temperature of
(a) . 100°C, (b). 150°C, (c). 200°C , (d) .250°C and (e). 300°C
Fig. 9. Evolution of the hardness as a function of annealing temperature.
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After annealing at 250°C as shown in (Fig.8.d), a duplex nature of the microstructure is expected with regions of
large recrystallized grain and regions of unrecrystallized structure. This corresponds to the intermediate part of the
curve of figure 9 between 200°C and 300°C. In this temperature range, the material is partially recrystallized.
Finally, Fig.8.e shows the microstructure at 300°C, at this temperature, a significant grain growth is observed
parallel to a drop of hardness. This indicated a fully recrystallization and the average grains size obtained was about
35μm. After annealing the elongation microstructures disappeared and became steadied by almost equiaxed grains.
5. Conclusion
Severe plastic deformation under ECAE, allowed copper alloy to be highly deformed with a mainly granular
ultrafine structure, about 200 nm in size. In this deformed state, compound has high level of lattice strains and
displayed high hardness values. Up to annealing temperature of 150°C for 1 hour neither the micro hardness nor the
grain size are affected considerably. However the dislocation density decrease and the lattice parameter rise slightly.
At higher temperatures which is close to 300°C, a recrystallization occurs, which is manifested by; massive growth
of grains, the increase of the lattice parameter and the diminish of micohardness.
Calorimetric measurements indicated the strain release phenomena in the Cu grains and the thermal behaviour
was highly influenced by the grain refinement.
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